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Timeline

• Project start date: 10/01/2016 

• Project end data: 9/30/2021

• Percent complete: 70%

Budget

• Total project funding

- DOE share:$50M

• FY2019 funding: $10M

• FY2020 funding: $10M

Barriers

• Abuse Tolerance: Li-metal based
batteries have a long history of
problematic dendrite growth 

• Life: Cells containing Li metal anode suffer
from major cycling and calendar life issues.

Partners

• Battery500 and BMR

• PNNL, INL, ARL

• UCLA, SDSU

• General Motors, South 8 

Technologies



❖Overall objective
--Develop commercially viable lithium (Li) battery technologies with a cell level specific energy of 
500 Wh/kg

-- Achieve 1000 cycles for the developed technologies

❖Objectives this period
-- Develop large-scale co-precipitation high-Ni synthesis method

-- Optimize electrolytes and electrodes

-- Fabricate and test 350/400 Wh/kg Li-NMC pouch cells

-- Develop advanced tools to characterize thick electrodes, Li dendrite formation and pressure 
effect to extend pouch cell cycling life

-- Understand the degradation mechanisms of Li-S pouch cells and reveal new materials and 
cell design strategies

❖Impact
-- Significantly increase the energy density, cycle life and reduce the cost of rechargeable 

batteries for electric vehicles



In-situ study of cathodes
Element redistribution 

and cracking
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Combining Imaging, Diffraction, Spectroscopy and Modeling/Simulation  



Date Milestones and Go/No-Go Decisions Status

December 2019
Milestones:
Report Li/SPAN coin cell results that can support a 250 Wh/kg, 2 

Ah pouch design with 100 cycles 

Complete

March 2020
Milestones:

Develop new 3D anode structures, test and validate such using 

coin cell standard protocols

Complete

June 2020
Milestones:
Identify a pathway to more than 350 Wh/kg (scaled to 2 Ah) using 

SPAN

On Track

September 2020

Milestones:
Report SEI characterization of lithium anode with surface coatings. 

Demonstrate the performance of a SPAN based Li-S pouch cell for 

300-350 Wh/kg.

On Track



➢ Developed cryogenic electron microscopy (Cryo-EM) and cryogenic 

focused ion beam (Cryo-FIB) to image and diagnose the Li metal

➢ Combined cryo-EM with MD simulation to understand Li nucleation 

process 

➢ Developed a new analytical tool Titration Gas Chromatography (TGC) to 

quantify SEI components and inactive metallic Li (“dead” Li)

➢ Developed micro computed tomography (CT) for 3D current collector 

structures quantification

Advanced imaging tools and quantitative tools (chemically, morphologically and 

computationally) have been developed to understand the electrochemical 

behavior and SEI properties of Li metal anode:



Grand Challenge - Li metal

Scientific Gaps: 

1. What is the true CE? Depositing Li, Li2O, Li2CO3, LiOH, LiF

2. Not all Li are the same - Li Foil, Vapor Deposited Li (VDLi)and Electrochemically 

Deposited Li (EDLi) 

3. Substrate/Separator/Electrolyte (system level electrochemical engineering ) 

E. Peled 1998 



1. Nanostructure evolution of Li nucleation

Time and current density change the crystallinity of Li metal and SEI properties

Deposition time Current density

0.5 mA cm−2 for 5 min, 10 min and 20 min 
0.1 mA cm−2 for 25 min, 1.0 mA cm−2 for 

2.5 min and 2.5 mA cm−2 for 1.0 min

X. Wang, B. Y. Liaw and Y.S. Meng et al, under review



2. MD simulation of the nucleation process of Li metal

Collaboration with Dr. Boryann Liaw at Idaho National Lab 

(a) Li nucleation, growth and kinetic 

pathway to an embryo with an 

ensemble of 700 Li atoms.

(b) The final state of various sizes of 

embryos at the end of the 

simulation (5.3 ns). 

(c) Incubation time to second order 

phase transition as a function of 

ensemble size. 

(d) A fraction of Li atoms in bcc 

lattice arrangement as a function 

of ensemble size.

X. Wang, B. Y. Liaw and Y.S. Meng et al, under review



3. Correlation between Li crystallinity and performance

Morphology of Li deposits after 1 mAh cm−2 plating

The glassy nature (absence of the ordered 

nanostructure, grain boundaries and crystal 

defects) of Li metal avoids the epitaxial growth 

and enables the multi-dimensional growth into 

large grains.

X. Wang, B. Y. Liaw and Y.S. Meng et al, under review



4. Titration Gas Chromatography for inactive Li quantification

C. Fang, Y.S. Meng et al., Nature 572, 511–515 (2019)

• SEI Li+ and Li0 have different chemical reactivity with 

water

• A combination of water titration and gas chromatography

• SEI is NOT the main reason for low Coulombic 

efficiency in Li metal batteries

• Unreacted metallic Li dominates the capacity loss of Li 

metal anode



Stripping

5. Micro-, nano-structure of inactive Li by Cryo-FIB and Cryo-TEM

Two manners to become inactive:

• Direct disconnection from the current collector

• Encapsulated by the insulating SEI layers

C. Fang, Y.S. Meng et al., Nature 572, 511–515 (2019)



6. Quantitative performance-morphology correlation

Strategies to mitigate inactive Li

formation:

▪ Advanced electrolytes

▪ Artificial SEI

▪ 3D current collector

▪ Pressure

C. Fang, Y.S. Meng et al., Nature 572, 511–515 (2019)



7. Micro CT for 3D Cu porosity quantification

Collaboration with Prof. Sarah Tolbert’s group at UCLA

B. Lu, Y.S. Meng et al, to be submitted



8. Micro CT for 3D Cu tortuosity/surface area quantification

B. Lu, Y.S. Meng et al, to be submitted



The high surface areas of 3D 

current collector induce more 

SEI formation in the first 

cycle.

CE

30Arc 99.36%

20Arc 99.46%

10Arc 99.26%

30Furnace 99.16%

Cu Foil 98.79%

The first cycle is sacrificed to 

form SEI; 

CE is calculated based on 

the last 10 cycles.

1st Cycle: 6mAh/cm2 plated and stripped at 0.5mA/cm2

1M LiTFSI in DME:DOL 2wt% LiNO3.

9. Coulombic efficiency quantification of 3D Cu by TGC

B. Lu, Y.S. Meng et al, to be submitted



No reviewer comments are available from previous year review 

on this project.



➢ Electrolyte provider and result discuss

Dr. Jason Zhang, Dr. Wu Xu, Dr. Jie Xiao and Dr. 

Jun Liu (PNNL)

Dr. Kang Xu and Dr. Marshall Schroder (ARL)

Dr. Boryann Liaw (INL)

Dr. Mei Cai (GM) 

➢ Cryo TEM facility

Dr. Elizabeth Villa (UCSD/Biological Sciences) 

Dr. Xiaoing Pan (UC Irvine) 

➢ Dr. Sarah Tolbert (UCLA)

➢ Dr. Jing Gu (SDSU)



❑ In situ observe the plating and stripping process of Li metal by

cryo-TEM

❑ Construct a stable interphase between electrolyte and Li metal

❑ Achieve Li cycling Coulombic efficiency of >99.9% based on 

fundamental understanding and novel engineering approaches



Any proposed future work is subject to change based on funding levels.

Key Challenges

➢ Identify a ‘good’ nanostructure of

EDLi

➢ In situ observation by cryo-TEM

➢ Stable interphase

Future work

➢ Comparing the nanostructure of EDLi

from different conditions (electrolyte,

additive, pressure)

➢ Design the cooling-bias holder

➢ Protect the Li metal with artificial or in-

situ formed SEI

➢ Develop new 3D Li structures

Teamwork will continually be incorporated in the future work



❖ Established cryogenic techniques to explore the nucleation 

process of Li metal

❖ Invented a new analytical tool TGC for inactive Li quantification

❖ Quantified inactive Li and identified the true cause of capacity 

loss of Li metal anodes to be the unreacted metallic Li, not the 

SEI formation

❖ Identified different Li morphologies under different conditions and 

their correlations to Li anode failure

❖ Developed Micro/Nano-CT methodology for 3D current collector 

quantification (porosity, tortuosity, surface area, etc.)


